accumulation in muscle fatigue, we undertook the present study to determine whether there is a close correlation between lactic acid concentration and contractile force in frog sartorius muscle. Measurements were made both during development of fatigue and during the recovery process. We have evaluated the results in the context of the concomitant responses of muscle ATP, phosphocreatine, and glycogen. 1976. -The relationship between lactic acid concentration and twitch tension was reevaluated in electrically stimulated frog sartorius muscle. In muscles stimulated under anaerobic conditions at a rate of 30 stimuli/min, contractile force decreased to 36% of the initial value in 15 min. Concomitantly lactate increased from 3.3 to 18.7 pmol/g of muscle. The correlation between the increase in lactate and the decrease in contractile force was significant (r = -0.99, P < 0.000001). Recovery occurred in two METHODS phases. A rapid increase in contractile force, which represented 20% of the total recovery, took place during the first 15 s and occurred concomitantly with an increase in ATP from 3.9 to 4.6 pmol/g. Lactate concentration did not change significantly during this period. The second phase of recovery of contractile force was complete in 50 min. Lactate concentration and contractile force were significantly correlated during recovery (r = -0.92, P < 0.00001). However, recovery of contractile force lagged behind the decrease in lactate; a given concentration of muscle lactate was associated with a higher contractile force early during development of fatigue than late during recovery. glycogen; ATP; phosphocreatine Frog care and handling of tissues. Northern frogs (Rana pipiens pipiens) were obtained from Mogul-Ed, Oshkosh, Wis., and kept in a large aquarium at room temperature (22-25°C). They were fed a diet of crickets and mealworms daily for at least 2 wk to ensure adequate muscle glycogen stores. Frogs were pithed and sartorius muscles were dissected out with the attachment to the pubic bone intact and stored overnight at 4°C in oxygenated solution. The bathing solution used in these experiments was a modification of the KrebsHenseleit solution (13) and had the following composition: 89 mM NaCl, 25 mM NaHCO,, 1.5 mM KCl, 1.2 mM KH2P04, 1.2 mM MgS04, 1.3 mM CaC1,, and 5 mM glucose.
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ALTHOUGH MUSCLE FATIGUE
has been the subject of considerable investigation, there is still relatively little known regarding its causes. One factor that has been postulated to cause fatigue during muscular work is the accumulation of lactic acid (3, 8, 11, 12, 16). Much of the evidence for the hypothesis that high concentrations of lactic acid in muscle cause fatigue came from the studies of Hill and Kupalov (7,8). The interpretation of Hill and Kupalov's studies is open to question, because they did not measure lactate but estimated its concentration in frog sartorius muscles from the decrease in twitch tension during electrical stimulation (7, 8). The relationship between intramuscular lactic acid concentration and muscle fatigue in frog sartorius muscle does not appear to have been systematically reevaluated now that simple, accurate methods for lactate analysis are available. For the purpose of this study we use the term fatigue to mean a decrease in the performance capacity of muscle. As an indicator of muscle fatigue we have used a decrease in twitch tension. We use the term twitch tension interchangeably with contractile force.
The procedures used for the electrical stimulation of frog sartorius muscles and the measurement of isometric tension have been described in detail previously (10). The pubic bone of the sartorius muscle preparation was tied to the lower end of a vertical Lucite rod containing two platinum electrodes. The tibia1 tendon was tied to a As a first step in evaluating the role of lactic acid jeweler's chain, which connected it to a Sanborn model FTA-100 isometric force transducer (Hewlett-Packard Co., Waltham, Mass.). Muscle length was adjusted so as to obtain 1 g of resting tension. The mounted muscle was immersed in 15 ml of the solution in a test tube suspended in a water bath maintained at 2z"C. The muscles were stimulated under anaerobic conditions produced by gassing the solution with a 95% N, and 5% CO, mixture from which traces of 0, were first removed by passing it through a solution of vanadyl sulfate. After a 30-min equilibration period, the muscles were stimulated directly with supramaximal square-wave pulses of 3 ms duration at a rate of 30 stimuli/min with a Grass model 54K stimulator (Grass Instruments, Quincy, Mass.). Isometric twitch tension was recorded on a Sanborn recorder, model 301 (Hewlett-Packard Co.). In the studies on the development of fatigue, after 2, frozen.
Values are means k SE. Number of muscles per group is given in parentheses. * 50
Assay methods. The frozen muscle samples were weighed at -20°C. A 20. to 25-mg portion was stored at -90°C until used for determination of glycogen concentration. Muscle water content was determined by drying lo-to 20.mg portions of muscle to constant weight at 90°C. The remaining muscle was pulverized and extracted with perchloric acid as described by Williamson and Corkey (20). The extracts were analyzed for lactate by the enzymatic method of Hohorst (9), for ATP as described by Lamprecht and Trautschold (14), and for phosphocreatine by the procedure of Ennor and Rosenberg (2).
RESULTS
There was no difference in water content among the muscles that were quickly frozen after either 0, 2, 6, 10, or 15 min of stimulation. Water made up 82.5% of the total weight of the quickly frozen muscles; freshly isolated muscles and muscles bathed in the solution and blotted before freezing had a water content of 80%. This difference was assumed to be due to the solution cover- The concentrations of lactate, ATP, phosphocreatine so1ution. (PC), and glycogen are given per gram wet weight of muscle, corrected for the excess solution, as this seems in tension was statistically significant (r = -0.99, P < the most physiologically relevant way of -expressing the 0.000001).
results. The concentration of lactate in the solution
Muscle PC concentration decreased approximately surrounding the muscles never exceeded 0.1 Fmol/ml. 85% during the first 10 min of stimulation and then Changes in contractile force, lactate, ATP, PC, and leveled off. As can be seen in Fig. 1 , the decrease in PC glycogen during fatigue development and recovery.
concentration followed a different time course than did After an initial small increase, isometric twitch tension the decrease in muscle contractile force; as a result, fell progressively and was only 36% of the initial value there was no statistically significant correlation beafter 15 min of stimulation (Table 1 , Fig. 1 ). During this tween these two variables.
period, the concentration of lactic acid in the muscles The concentration of ATP in the stimulated muscles underwent an increase that was inversely proportional also declined significantly (Fig. l) , with the greatest to the decrease in contractile force; the (inverse) correladecrease in ATP occurring during the first 2 min. There tion between the increase in lactic acid and the decrease was a further decrease in ATP between 6 and 15 min of stimulation, and, although this decrease in concentration was small, there was a statistically significant ment of muscle fatigue (1, 6 ). The present study was desi gned so that muscle glycogen levels remained-h .igh, and depletion of glycogen stores could be eliminated as a correlation between ATP concentration and contractile force (r = 0.82, P < 0.05).
cause of fatigue. Recovery of contractile force to initial levels was a prolonged process (Table 1, Fig. I ), even though the fatigued muscles, which had been stimulated under anaerobic conditions, were transferred to oxygenated solution. Recovery occurred in two phases. A rapid increase in contractile force, which represented approximately 27% of the total recovery, took place during the first 30 s. No further change occurred for about 10 min, Because ATP is the direct source of energy for muscle contraction, depletion of ATP will result in cessation of muscle contraction. Phosphocreatine plays a secondary role, functioning to maintain the concentration of ATP at a high level in the face of ATP hydrolysis (15). In the present study, the decrease in muscle ATP concentration was not very great. The lowest concentration of ATP was approximately 3.9 pmol/g after 15 min of stimulation. However, it is possible that during contractile activity the concentration of ATP in the region of the myofibrils might decrease more markedly than in the muscle as a whole, so that limited availability of ATP to myofibrillar ATPase could impair contractile function despite only a moderate decrease in total muscle ATP content.
after which contractile force increased linearly, return ing to the initial, prefatigue level in 50 t 3 min.
No significant decrease in lactate concentration occurred during the initial 30 s of recovery; the rapid increase in contractile force during this period therefore cannot be attributed to a reduction in lactate level. By the end of the first 10 min of recovery, the concentration of lactic acid had decreased by approximately 4 pmol/g of muscle without any further change in contractile force (Fig. 1) . Thereafter, a progressive decrease in lactate concentration coincided with the second, prolonged phase of recovery (Table 1 , Fig. 1 ). There was a statistically significant, inverse correlation between lactic acid concentration and contractile force during the recovery period (r = -0.92,P < 0.00001).
Approximately 75% of the return of PC concentration
There was a close relationship between an increase in contractile force during the first 15 s of recovery and an increase in ATP concentration (from 3.9 to 4.6 pmol/g). This finding is compatible with the interpretation that the small decrease in ATP concentration during the last 5 min of stimulation contributed to the development of fatigue and that this effect was reversed by the increase in ATP during the first 15 s of recovery. A second possibility is, of course, that the correlation between the increases in ATP concentration and contractile force may be coincidental and not due to a cause and effect relationship. At all the other times when contractile force was below control levels during development of fatigue and during recovery, the concentration of ATP was not significantly different from, or higher than, the value obtained after 2 min of stimulation (approximately 4.5 pmol/g). This concentration of ATP was suficient to permit development of a contractile force slightly above the control value after 2 min of stimulation (Table 1). toward the normal resting level occurred during the first 6 min of recovery; the major portion of this increase in PC took place between 1 and 6 min, a period during which contractile force did not change. The remainder of the increase in PC occurred between the 10th and 30th min of the recovery period (Table 1 , Fig. 1) .
A rapid increase in ATP concentration, which represented about 57% of the return to the resting level, occurred during the first 15 s of recovery and coincided with the first phase of the increase in contractile force (Table 1, Fig. 1 ). No further significant change in ATP level occurred until the period between 10 and 20 min of recovery during which ATP concentration returned to the control level. This second increase in ATP concentration occurred concomitantly with a large decrease in lactate concentration (Table 1, Fig. 1 ). -
The concept that accumulation of lactic acid causes muscle fatigue has considerable appeal, because there is evidence for at least two mechanisms by which a decrease in intracellular pH could interfere with contractile function. Fuchs et al. (4) have found that an increase in H+ concentration interferes with Ca2+ binding to troponin by lowering the apparent binding constant. In another study, Nakamura and Schwartz (17) found that a decrease in pH increases the Ca2+-binding capacity of the sarcoplasmic reticulum. Both mechanisms would function to decrease the number of calcium ions bound to troponin during excitation-contraction coupling. This would reduce the number of active interactions between actin and myosin and thus could decrease contractile force. In addition, phosphofructokinase activity is inhibited by a decrease in pH (19), and accumulation of lactic acid could, by this means, slow glycolysis during intense muscular work. This mechanism could explain the finding of a further decrease in muscle ATP concentration during the last 5 min of stimulation, despite a decrease in contractile force and therefore a decrease in the rate of ATP hydrolysis.
Muscle glycogen concentration remained high throughout the development of, and the recovery from, fatigue, averaging 10.1 t 1.1 mg/g of muscle in control muscles, 7.2 t 0.83 mg/g in muscles that had been stimulated for 15 min, and 6.7 t 0.7 mg/g in muscles that had tion.
recovered for 50 min after 15 min of stimula-
DISCUSSION
Although the mechanisms involved in the development of muscle fatigue are still poorly understood, it does seem clear that fatigue can have a variety of etiologies. Among the factors that seem important in determining the cause of fatigue are the intensity and the duration of muscular work. There is strong evidence that during prolonged, moderately heavy work, depletion of muscle glycogen stores can result in the developHill's hypothesis that lactic acid accumulation causes 
